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The Amyloid precursor protein (APP) has mainly been investigated in connection with
its role in Alzheimer’s Disease (AD) due to its cleavage resulting in the production of
the Aβ peptides that accumulate in the plaques characteristic for this disease. However,
APP is an evolutionary conserved protein that is not only found in humans but also
in many other species, including Drosophila, suggesting an important physiological
function. Besides Aβ, several other fragments are produced by the cleavage of APP;
large secreted fragments derived from the N-terminus and a small intracellular C-terminal
fragment. Although these fragments have received much less attention than Aβ, a picture
about their function is finally emerging. In contrast to mammals, which express three
APP family members, Drosophila expresses only one APP protein called APP-like or
APPL. Therefore APPL functions can be studied in flies without the complication that
other APP family members may have redundant functions. Flies lacking APPL are viable
but show defects in neuronal outgrowth in the central and peripheral nervous system
(PNS) in addition to synaptic changes. Furthermore, APPL has been connected with
axonal transport functions. In the adult nervous system, APPL, and more specifically
its secreted fragments, can protect neurons from degeneration. APPL cleavage also
prevents glial death. Lastly, APPL was found to be involved in behavioral deficits and in
regulating sleep/activity patterns. This review, will describe the role of APPL in neuronal
development and maintenance and briefly touch on its emerging function in circadian
rhythms while an accompanying review will focus on its role in learning and memory
formation.
Keywords: Drosophila melanogaster, amyloid precursor proteins, neuronal outgrowth, neuronal survival,
synaptogenesis
The Amyloid precursor protein (APP) is a key factor in Alzheimer’s Disease (AD) because, as the
name implies, it is the precursor from which the neurotoxic Aβ peptides are generated (Glenner
and Wong, 1984; Masters et al., 1985). APP is a type-one membrane-spanning protein consisting
of a large extracellular N-terminal domain and a small intracellular C-terminal domain in addition
to the Aβ region (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987).
Alternative splicing of the APP gene produces three major isoforms (695aa, 751aa, and 770aa), with
APP695 being the major form found in the nervous system (Tanaka et al., 1989; Lorent et al., 1995).
In addition to APP, vertebrates express two closely related proteins called Amyloid Precursor-Like
Proteins (APLP) 1 and 2 (Coulson et al., 2000; Turner et al., 2003).
Over the last decade, transgenic Drosophila expressing either human APP695 or Aβ
have been extensively used to study the pathogenic function of APP (Cowan et al., 2010;
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(Iijima-Ando and Iijima, 2010; Moloney et al., 2010; Wentzell
and Kretzschmar, 2010; Prüßing et al., 2013; Bouleau and
Tricoire, 2015). However, insects also express an ortholog of
APP which was named APP-like or APPL. APPL is about 30%
overall identical to human APP695 but a much higher degree of
conservation is found in the extracellular E1 and E2 domains
and especially in the C-terminal intracellular domain or AICD
(Rosen et al., 1989; Swanson et al., 2005; Figure 1). Five isoforms
of APPL are described in Drosophila that range from 830aa
to 890aa (Attrill et al., 2016), however it is unknown whether
these isoforms are functionally different. In contrast to the
human protein, which is also expressed in non-neuronal cells
(Sandbrink et al., 1994a,b), APPL is only expressed in neurons,
starting at stage 13 of Drosophila embryogenesis (Luo et al.,
1990; Martin-Morris and White, 1990). Interestingly, APPL lacks
the Kunitz-like domain and is therefore more closely related
to APP695 than other isoforms (Arai et al., 1991). Like APP,
APPL is processed by several secretases, resulting in secreted
fragments, a neurotoxic Aβ-like peptide, and an intracellular
AICD (Luo et al., 1990; Carmine-Simmen et al., 2009; Bolkan
et al., 2012). However, in comparison to APP, the cleavage sites
for the α- and β-secretase are reversed in APPL, with the β-site
being more proximal to the transmembrane region and the α-site
being more distal (Carmine-Simmen et al., 2009; Stempfle et al.,
2010). The evolutionary conservation of APPL and its processing
not only suggests that this protein has important physiological
functions but also that studies in Drosophila can provide insights
into the normal functions of human APP and its proteolytic
fragments.
APPL AND THE DEVELOPMENT OF THE
PERIPHERAL NERVOUS SYSTEM
Flies that completely lack APPL (Appld, Luo et al., 1992)
are viable but show a loss of sensory bristles on the
sternopleuron and scutellum, parts of the adult thorax (Merdes
et al., 2004). The same phenotype was observed when
knocking down the Appl mRNA during development via
RNA-interference. These mechano-sensory organs (MSOs) are
derived from a sensory organ precursor cell (SOP), which
is determined by lateral inhibition via Notch signaling. They
consist of a shaft, a socket, a sheath cell, the sensory
neuron, and a supporting glial cell (Lai and Orgogozo,
2004). Because not only the sensory neuron is missing
in Appld flies, but also the external cell types of the
MSO, this indicates that APPL plays a role in SOP linage
formation (Merdes et al., 2004). This result implies that
in the peripheral nervous system (PNS) APPL is expressed
in neuronal precursor cells, possibly playing a role in the
determination of the MSOs, whereas in the central nervous
system (CNS) it is restricted to differentiated neurons (Luo et al.,
1990).
In addition, APPL is required for the correct development of
the enteric nervous system (ENS) in insects, more specifically
in the migration of enteric neurons. During embryonic
development of Manduca sexta, the neurons in the enteric plexus
(EP cells) align with the muscle bands on the midgut and foregut
FIGURE 1 | Schematic representation of human APP695 and insect
Amyloid Precursor Protein-like (APPL). Go, Goα-binding site; Int,
internalization domain; E, extracellular domain 1 and 2.
and subsequently migrate along these pathways (Copenhaver
and Taghert, 1989). APPL expression is detectable in the EP
cells starting shortly before the onset of migration (Swanson
et al., 2005) and knocking down APPL caused the EP neurons
to ectopically migrate onto the interband regions (Ramaker
et al., 2013). In Drosophila, the enteric neurons do not migrate
along the gut and therefore this function of APPL does not
play a role in flies. If APPL can act as a neuronal guidance
receptor in cell migration of other neurons in flies remains to be
determined.
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APPL AND NEURONAL OUTGROWTH
The expression of APPL during embryonic development
correlates with the onset of axonal outgrowth and it is
especially abundant in growing axons and in areas of synapse
formation (Luo et al., 1990; Martin-Morris and White, 1990).
Initially, no gross abnormalities were described in the larval
or adult CNS of Appld flies. However, they showed behavioral
deficits in the fast-phototaxis assay, which is based on visual
input and startle-induced locomotion (Luo et al., 1992). Later
studies revealed that the loss of APPL does have effects on
neuronal outgrowth, although the phenotypes are more subtle.
Using cultures derived from embryonic neuroblasts, Li et al.
(2004) found that the loss of APPL did not affect the initial
outgrowth but resulted in significantly shorter neurites when
cultured for 6 days. Surprisingly, overexpression of APPL or a
secreted N-terminal fragment reduced neurite length whereas
expression of a secretion-deficient form (APPLsd) or a variant
that in addition lacks the intracellular C-terminus (APPLdelCT)
increased neurite length. Thus, in cell culture secreted APPL
seems to function as a growth limiting ligand for a yet unknown
receptor, whereas full-length APPL may act as a receptor that
promotes neurite growth. Focusing on specific cell types, changes
in axonal outgrowth and arborization were also observed in vivo.
Induction of APPL in the lateral neurons, a group of neurons
that play a key role in the regulation of circadian rhythms,
promoted axonal arborization, as did expression of human APP
(Leyssen et al., 2005). Interestingly, in these experiments the
C-terminus appeared to be required for the axonal outgrowth.
Deleting the C-terminus of APP or only the YENPTY motif,
which mediates the interaction with various proteins like X11α
or Fe65 (Turner et al., 2003; Poeck et al., 2012), prevented these
phenotypes.
Similarly, affecting the levels of APPL in the mushroom
bodies caused changes in its morphology. The mushroom bodies
are considered to be the center for learning and memory in
flies. They consist of the calyx, which contains the dendrites
and is localized in the dorsal-posterior part of the brain, and
the peduncle, which is formed by the axons which project
as a bundle from dorsocaudal to rostroventral (Heisenberg,
2003). These axons then separate and form five lobes with
the α/α′ lobes projecting dorsally whereas the β/β′ and γ-lobes
are horizontally orientated towards the midline of the brain.
APPL is prominently expressed in the mushroom bodies,
especially in the neurons that form the α and β lobes (Soldano
et al., 2013). A function of APPL in these neurons was first
suggested by Li et al. (2004) who showed that expressing
additional APPL in the mushroom bodies resulted in a fuzzy
appearance of the β-lobes, though only detectable in some
flies. The authors suggested that this could be probably due
to a loosened fasciculation of these axons. A more prominent
phenotype was observed more recently by Soldano et al. (2013)
analyzing Appld flies. Although still not fully penetrant, 14%
of these flies showed a complete loss of an α-lobe and 12%
a loss of a β-lobe (Soldano et al., 2013). Interestingly, it
turned out that APPL function is cell-autonomously required
for the development of the β-lobe whereas its function in
the α-lobe is non-autonomous. Rescue experiments showed
that the C-terminus was required for the axonal outgrowth
of the β-lobe (Soldano et al., 2013), as was suggested for
the axonal growth of lateral neurons (Leyssen et al., 2005).
In both cell types the function was mediated by the Abelson
kinase, which binds to the C-terminus of APPL via the adapter
protein disabled (Leyssen et al., 2005; Soldano et al., 2013).
Result from the studies in mushroom body neurons suggested
that this then regulates the activity of the Planar Cell Polarity
signaling pathway (Soldano et al., 2013), a pathway that has been
shown to regulate neuronal outgrowth in flies and vertebrates
(Lyuksyutova et al., 2003; Ng, 2012). Notably, whereas these
in vivo experiments show a requirement of the C-terminus,
suggesting that APPL acts as a receptor in axonal outgrowth,
the cell culture experiments indicated that the C-terminus is
not needed to promote outgrowth. This might be due to the
special conditions in culture or alternatively different neuronal
subtypes use different fragments and signaling pathways for
proper outgrowth.
It has also been shown that the loss of APPL affects
the outgrowth of photoreceptors. APPL is expressed in all
photoreceptors but a more prominent expression can be
detected in the R7 and R8 subtype, whereby the expression
depends on Ras signaling (Mora et al., 2013). R7 and
R8 project into the medulla, the second optic neuropil in
Drosophila, where they target different layers (Meinertzhagen
and Hanson, 1993). Focusing on R7, Mora et al. (2013)
found that 2% of the R7 cells do not reach their target field.
Although this is a relatively mild phenotype, it nevertheless
has physiological consequences because Appld flies exhibited
a reduced preference for UV light, which is detected by
this photoreceptor subtype. Using a knock-down strategy for
APPL, another group observed changes in the symmetrical
arrangement of the photoreceptors in the adult eye combined
with an occasional loss of R7 photoreceptors (Singh and
Mlodzik, 2012). The authors also show that these phenotypes
were enhanced by a knock down of hibris (hbs), which
is a family member of the immunoglobulin cell adhesion
proteins (Johnson et al., 2012). HBS seems to exert its
function by affecting the γ-processing of APPL because
it can promote the cleavage of Presenilin (PSN) into its
active form (Singh and Mlodzik, 2012). As in vertebrates,
the fly γ-secretase consists of NCT, APH1, PEN2, and the
catalytically active PSN (Hu and Fortini, 2003; Stempfle
et al., 2010) and expression of Drosophila PSN was shown
to promote APPL cleavage (Carmine-Simmen et al., 2009).
The interaction of HBS with APPL therefore suggests that its
function in photoreceptor development and outgrowth requires
the C-terminus or more specifically C-terminal cleavage of
APPL.
Together, these experiments show that APPL does have a
function in neuronal development and outgrowth, most likely
acting as a receptor for a so far unknown ligand. However, its
loss neither prevents axonal growth nor are the phenotypes fully
penetrant. This indicates that APPL acts more like a ‘‘robustness’’
factor that supports the correct outgrowth instead of initiating or
allowing it.
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APPL FUNCTION IN SYNAPTOGENESIS
AND AXONAL TRANSPORT
In addition to affecting axonal growth, APPL has also been shown
to interfere with synapse formation. During larval development,
different types of synaptic boutons are added along the axonal
terminus, forming the stereotyped pattern of neuromuscular
junctions (NMJ) at the body wall muscles (Gramates and Budnik,
1999). Appld mutant larvae revealed a significant reduction
in bouton numbers whereas overexpression of APPL induced
additional boutons of different sizes; large ‘‘parent’’ boutons
and small ‘‘satellite’’ boutons that are connected to the parent
boutons (Torroja et al., 1999). The C-terminus was required
to induce this phenotype and interestingly a deletion of the
YENPTY domain prevented the formation of satellite boutons.
In contrast, a deletion of the G0 binding site (Figure 1) prevented
the induction of additional parent boutons. These experiment
suggest that APPL also acts as a receptor at the NMJ. Additional
experiments showed that to fulfil its function at the NMJ, APPL
interacts with the cell adhesion molecule Fasciclin II (Fas II; an
neural cell adhesion molecule (NCAM) homolog; García-Alonso
et al., 1995) and the PDZ-domain containing dX11/Mint protein
(Hase et al., 2002; Ashley et al., 2005). Because dX11/Mint binds
to the YENPTY domain, this would explain the requirement of
the C-terminus of APPL for bouton formation (Ashley et al.,
2005). dX11/Mint binding seems to regulate the localization of
APPL because a loss of dX11/Mint or expression of a dX11/Mint
construct with a deletion in the APPL binding site resulted in
an increase in the levels of APPL at the boutons (Ashley et al.,
2005). A role of dX11/Mint in regulating APPL localization
was confirmed in mushroom body neurons where the loss of
dX11/Mint caused a depletion of APPL from the axons in the
peduncle and the lobes while mis-localizing it to the calyx, which
contains the dendrites from which it is normally excluded (Gross
et al., 2013).
As with photoreceptors, the defects in the formation of
the NMJ may not be very dramatic in Appld but they do
have physiological consequences; the loss of APPL resulted in
a reduction in the amplitude of evoked excitatory junctional
potentials (EJPs) when recording from body wall muscles of
larvae (Ashley et al., 2005). Performing whole-cell patch clamp
measurements on embryonic cells in culture revealed that both,
the loss and overexpression of APPL increased A-type K+
currents, suggesting a role of APPL in modulating synaptic
function (Li et al., 2004). Additional studies by the same group
suggest that this is mediated via the secreted ectodomain (sAPPL)
and a similar finding has been made in mammals using cultured
hippocampal neurons treated with sAPPα (Furukawa et al.,
1996).
A role of APPL in axonal transport was suggested by the
finding that overexpression of APPL caused transport defects
detectable by the accumulation of vesicles or mitochondria,
whereby this phenotype required the presence of the C-terminus
(Torroja et al., 1999; Gunawardena and Goldstein, 2001; Shaw
and Chang, 2013). Changes in axonal trafficking have also
been described after the loss of APPL (Gunawardena and
Goldstein, 2001), indicating that the role in axonal transport is
a physiological function of APPL. This is also supported by the
observation that a dominant-negative mutation of Drosophila
Tip60, a histone acetyltransferase that has been shown to
bind to the C-terminus of APP proteins, also induced axonal
trafficking defects (Johnson et al., 2013). In addition, this
mutation enhanced transport defects induced by APP. Another
manipulation that enhanced the trafficking defects caused by
APP and also by APPL is a knock down of nebula while
overexpression of Nebula suppressed this phenotype (Shaw
and Chang, 2013). Manipulating Nebula alone had no effect
and therefore its function in axonal trafficking under normal
physiological conditions is unclear. Interestingly, Nebula is the
fly homolog of Down syndrome critical region 1 (DSCR1) and
almost all Down syndrome patients develop AD (Wisniewski
et al., 1985). At this point the role of DSCR1 in AD is not
understood; however, due to DSCR1 being overexpressed in
Down syndrome (Fuentes et al., 2000) one would expect a
suppression of possible transport defects caused by the third copy
of the APP gene. Interestingly, overexpression as well as loss of
Nebula affects synaptic function and memory formation in flies
(Chang et al., 2003; Chang and Min, 2009).
APPL AND NEURONAL SURVIVAL
The experiments described above reveal that changes in APPL
can interfere with neuronal development. But APPL has also
been demonstrated to play a role in the integrity of the adult
nervous system. Appld flies have a significantly reduced life
span, shortened to approximately two thirds of the survival span
of wild type flies, and they show signs of neurodegeneration
when aged (Wentzell et al., 2012). This was detectable by the
formation of spongiform lesions in the brains of 3 week old
Appld flies and although they are not very numerous, such lesions
do not occur in age-matched wild type brains. Furthermore,
the loss of APPL can aggravate the neurodegeneration caused
by mutations in other genes, like yata and löchrig (loe). Yata
belongs to a family of pseudokinases, found in almost all
eukaryotes, that play a role in vesicle trafficking of secretory
proteins and the export of tRNA from the nucleus (Anamika
et al., 2009). yata mutant flies show progressive degeneration that
affects the brain and retina (Sone et al., 2009). This phenotype
was enhanced by the loss of APPL whereas overexpression
of APPL ameliorated it, suggesting a neuroprotective function
of APPL. Similarly, combining the loe mutation with Appld
significantly worsened the neurodegeneration that is observed
in the brain of loe mutants (Tschäpe et al., 2002). loe encodes
the γ-subunit of AMP-activated protein kinase (AMPK), a key
enzyme in regulating energy homeostasis (Kemp et al., 1999).
AMPK also regulates protein prenylation and loe mutant flies
show an increase in Rho prenylation and activity and changes
in actin dynamics (Cook et al., 2012, 2014). Interestingly, the
Rho pathway has also been connected with modulating Aβ
production in vertebrates (Tang and Liou, 2007). In contrast
to the enhancing effect of the Appld mutant, overexpressing
APPL suppressed the degeneration in loe mutant flies and the
same effect was achieved by expressing the secreted sAPPL
(Wentzell et al., 2012). However, the latter was only protective in
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FIGURE 2 | Proposed role of APPL in neuronal and glial survival.
Neurons express APPL that can be cleaved by α-secretase activity
(Kuzbanian, KUZ) resulting in the secretion of sAPPLα (red). sAPPLα binds to
full-length APPL, activating an unknown pathway that can promote neuronal
survival (inset in A). However, full-length APPL can also interact with an
unknown glial factor (green). If this interaction is interrupted by Drosophila
β-secretase (dBACE) cleavage of APPL the glial cell survives whereas
increased or ongoing contact between full-length APPL and the glial factor
triggers glial death (B). Neurons are shown in blue, the glial cell in green.
the presence of endogenous APPL and co-immunoprecipitation
experiments showed that sAPPL can bind to full-length APPL.
This suggests that sAPPL acts as a ligand that binds to full-length
APPL as a receptor (Figure 2). The protective function appears
to be mediated specifically by the α-cleaved ectodomain because
additional expression of Kuzbanian (KUZ) was also protective
(Wentzell et al., 2012). KUZ is homologous to ADAM10 and
like its vertebrate ortholog it acts as an α-secretase (Carmine-
Simmen et al., 2009). In contrast, increasing β-cleavage by
inducing Drosophila β-secretase (dBACE; Bolkan et al., 2012)
expression enhanced the degeneration in loe. A neuroprotective
function of the α-cleaved sAPP was also described in mice
and like in flies it required the presence of full-length APP
(Milosch et al., 2014). Together with findings that expression of
APPL ameliorated the degenerative phenotype in a Drososophila
RasGAP (vap) mutant and flies mutant for the microtubule
binding protein MAP1B (futscholk) (Wentzell et al., 2012), this
further supports a neuroprotective function of APP proteins and
their α-cleaved ectodomains. Interestingly, in the case of loe a
reduction in sAPPLα may be part of the mechanism leading to
the degenerative phenotype in this mutant because loe mutant
flies showed a decrease in APPL processing whereas additional
LOE expression promoted cleavage (Tschäpe et al., 2002).
That the cleavage and generation of specific fragments is
important for the protective function is also supported by
studying mutations in proteins that affect APPL processing.
Transmembrane and Coiled-coil domain 2 (TMCC2) is a
vertebrate protein that can form a complex with APP and ApoE
and promote APP cleavage (Hopkins et al., 2011). Its Drosophila
homolog is encoded by dementin (dmtn) and loss of neuronal
DMTN caused neuronal degeneration in the adult brain and a
reduced live span (Hopkins, 2013). It also interfered with the
processing of APPL, resulting in the production of an abnormal
50 kD fragment. Similarly, the loss of dBace in photoreceptors
resulted in degeneration but in this case of glial cells in the
lamina, the main target region of photoreceptors (Bolkan et al.,
2012). That this is indeed due to an effect on APPL and not
another target of dBace was shown by the result that this
phenotype was suppressed in the Appld background. In contrast,
expressing secretion-deficient APPL (APPLsd) enhanced the glial
degeneration, supporting the hypothesis that cleavage of APPL
is required for glial survival. These findings reveal that APPL
not only plays a role in the survival of both, neurons and
glia. However, for glia additional full-length APPL seems to be
deleterious and the cleavage by dBACE prevents the glial cell
death (Figure 2).
Lastly, APPL was found to be upregulated after injury
(Leyssen et al., 2005). However whether this is connected to
a protective mechanism, like a possible axonal sprouting of
neighboring neurons after neuronal loss, is so far unclear.
Although an upregulation of APP after injury has also been
observed in mammals, this mostly seems to have negative
consequences because it can increase the risk to develop AD or
other neurodegenerative diseases (Shi et al., 2000; Gupta and Sen,
2016; Ułamek-Kozioł et al., 2016).
BEHAVIORAL DEFICITS AND APPL
As mentioned before, changes in APPL levels also affect
behavior, including memory (see accompanying review by
V. Goguel). Furthermore, Appld flies also show a significantly
reduced performance in the fast-phototaxis assay (Luo et al.,
1992), a test that can be used to measure general fitness,
locomotion, and visual orientation (Benzer, 1967). The
phototaxis phenotype may be due to the loss of secreted
APPL fragments because expression of full-length APPL could
restore this function whereas secretion-deficient APPLsd could
not (Luo et al., 1992). Interestingly, also the overexpression
of APPL induced phototaxis phenotypes that were further
enhanced by expression of dBACE (Carmine-Simmen et al.,
2009). The latter suggests that the deficits in the phototaxis
assay after APPL overexpression are due to the generation of
the neurotoxic dAβ cleaved from the full-length protein. This is
supported by the finding that expression of only dAβ also causes
phototaxis defects that are even more severe (Carmine-Simmen
et al., 2009). In the case of APPL overexpression, the behavioral
deficits could be a consequence of the degeneration and neuronal
cell death that is detectable after APPL expression. In contrast,
the Appld deletion mutant shows very subtle morphological
changes and modestly increased cell death is only detectable late
in life. Therefore the loss of APPL may directly interfere with
neuronal function, possibly by affecting synaptic functions.
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Finally, recent experiments suggest a function of APPL in
the regulation of circadian rhythms, due to the observation
that increasing APPL levels prevented the age-related decline
in rhythmicity (Blake et al., 2015). This function seems to
be specifically mediated by the full-length protein because
expressing additional dBACE or KUZ resulted in a disruption
of the rhythmic activity pattern. In addition to supporting a
protective role for the full-length APPL this also indicates that a
cleavage product is deleterious for rhythmicity. Because dBACE
and KUZ expression disrupted the circadian activity pattern,
this appears to be due to a fragment produced by both cleavage
events, excluding dAβ and the N-terminal fragment. However,
both β- and α-cleavage promote processing by the γ-secretase
and therefore the production of the AICD. Confirming the
role of the AICD in circadian rhythmicity, expressing only the
AICD pan-neuronally or specifically in the central pacemaker
neurons disrupted rhythmicity in an age-dependent manner
(Blake et al., 2015). Like humans, flies are diurnal animals
and this rhythmicity is regulated by the circadian clock. The
clock generates a circa 24 h periodicity by an autoregulatory
negative feedback loop of four core clock genes and their
proteins; Clock and Cycle (BMAL1 in mammals) are the
positive elements which promote transcription of the negative
elements Period and Timeless (Hardin and Panda, 2013). These
proteins are transcriptional regulators that generate circadian
rhythms in downstream clock-controlled genes, providing a
temporal coordination of cellular and physiological processes
with the environment. Supporting a direct role of APPL in
regulating circadian rhythms, altering the cleavage pattern of
APPL interfered with the rhythmic expression pattern of Period
in the central pacemaker cells while not affecting the survival of
these neurons (Blake et al., 2015). Because the AICD has been
shown to play a role in transcriptional regulation in vertebrates
(Cao and Sudhof, 2004; von Rotz et al., 2004), this function of
APPL may be an effect of the AICD on the transcription of
Period. Not being a transcription factor itself, the AICD forms
a ternary complex Fe65 and Tip60. Intriguingly, the loss of
Drosophila Tip60 induces sleep disturbances and reduces the
axon length of central pacemaker neurons (Pirooznia et al.,
2012), providing another hint that the AICD may regulate the
circadian clock and rhythmicity.
CONCLUSION
The studies described above show that full-length APPL can act
as a receptor that promotes neurite growth and synaptogenesis
in vivo. This function appears to require the C-terminus
which, together with various interaction factors, can activate
downstream signaling pathways, similary to what has been
suggested for vertebrate APP (Deyts et al., 2016). For some of
these neurodevelopmental functions, cell adhesion molecules like
Fas II may act as the activating signals. Fas II has been shown
to be required for the function of APPL at the larval NMJ but
Fas II is also enriched in mushroom body neurons. Therefore, an
interaction between APPL and Fas II might also be required for
the correct formation of the mushroom body lobes. Because the
mushroom body neurons are crucial for memory formation, this
raises the possibility that the Fas II-APPL interactions take part
in synaptic plasticity and memory formation, an issue that has
not been explored so far.
However, APPL can also act as a ligand via its secreted
ectodomains, whereby the α- vs. the β-cleaved fragment seem
to play different, even opposing roles. Expression of the secreted
sAPPL promotes correct α-lobe formation in Appld mutants and
neuronal survival in loe, whereby the protective function appears
to be mediated specifically by the α-cleaved ectodomain whereas
the β-cleaved form is neurotoxic. Such opposing functions of
the ectodomains have also been described in vertebrates with
sAPPα connected to neuroprotective functions (Araki et al.,
1991; Mattson et al., 1993; Goodman and Mattson, 1994)
whereas sAPPβ was shown to be deleterious for neuronal
survival (Nakagawa et al., 2006; Nikolaev et al., 2009). Lastly,
the experiments in Drosophila showed that APPL can activate
its receptor function by binding to its own ectodomain and
recently, a similar finding was reported for mammals where
sAPPα protected cells from serum-starvation induced cell death
only in the presence of full-length APP (Milosch et al., 2014).
Although the studies in Drosophila and other models have
provided important insights into the functions of APP proteins
and their fragment, we are still far away from understanding the
various roles of this protein.Drosophila provides a variety of tools
and assays to study the physiological functions of APP proteins in
vivo and future experiments including these model will hopefully
unravel the functions of APP and the pathways it is involved in.
In turn, this can then provide the basis to determine whether and
how disruptions of these functions contribute to the deleterious
effects seen in Alzheimer patients.
AUTHOR CONTRIBUTIONS
MC provided literature. DK wrote review.
FUNDING
This work was supported by the National Institute of Health,
NINDS project grant (NS096332).
REFERENCES
Anamika, K., Abhinandan, K. R., Deshmukh, K., and Srinivasan, N. (2009).
Classification of nonenzymatic homologues of protein kinases. Comp. Funct.
Genomics 2009:17. doi: 10.1155/2009/365637
Arai, H., Lee, V. M., Messinger, M. L., Greenberg, B. D., Lowery, D. E., and
Trojanowski, J. Q. (1991). Expression patterns of beta-amyloid precursor
protein (beta-APP) in neural and nonneural human tissues from Alzheimer’s
disease and control subjects. Ann. Neurol. 30, 686–693. doi: 10.1002/ana.
410300509
Araki, W., Kitaguchi, N., Tokushima, Y., Ishii, K., Aratake, H., Shimohama, S.,
et al. (1991). Trophic effect of β-amyloid precursor protein on cerebral cortical
neurons in culture. Biochem. Biophys. Res. Commun. 181, 265–271. doi: 10.
1016/s0006-291x(05)81412-3
Ashley, J., Packard, M., Ataman, B., and Budnik, V. (2005). Fasciclin II signals
new synapse formation through amyloid precursor protein and the scaffolding
Frontiers in Molecular Neuroscience | www.frontiersin.org 6 July 2016 | Volume 9 | Article 61
Cassar and Kretzschmar APP Functions in Drosophila
protein dX11/Mint. J. Neurosci. 25, 5943–5955. doi: 10.1523/JNEUROSCI.
1144-05.2005
Attrill, H., Falls, K., Goodman, J. L., Millburn, G. H., Antonazzo, G.,
Rey, A. J., et al. (2016). FlyBase: establishing a gene group resource for
Drosophila melanogaster. Nucleic Acids Res. 44, D786–D792. doi: 10.1093/nar/
gkv1046
Benzer, S. (1967). Behavioral mutants of Drosophila isolated by countercurrent
distribution. Proc. Natl. Acad. Sci. U S A 58, 1112–1119. doi: 10.1073/pnas.58.
3.1112
Blake, M. R., Holbrook, S. D., Kotwica-Rolinska, J., Chow, E. S., Kretzschmar, D.,
and Giebultowicz, J. M. (2015). Manipulations of amyloid precursor protein
cleavage disrupt the circadian clock in aging Drosophila. Neurobiol. Dis. 77,
117–126. doi: 10.1016/j.nbd.2015.02.012
Bolkan, B. J., Triphan, T., and Kretzschmar, D. (2012). β-secretase cleavage of
the fly amyloid precursor protein is required for glial survival. J. Neurosci. 32,
16181–16192. doi: 10.1523/JNEUROSCI.0228-12.2012
Bouleau, S., and Tricoire, H. (2015). Drosophila models of Alzheimer’s disease:
advances, limits and perspectives. J. Alzheimers Dis. 45, 1015–1038. doi: 10.
3233/JAD-142802
Cao, X., and Sudhof, T. C. (2004). Dissection of amyloid-beta precursor protein-
dependent transcriptional transactivation. J. Biol. Chem. 279, 24601–24611.
doi: 10.1074/jbc.m402248200
Carmine-Simmen, K., Proctor, T., Tschäpe, J., Poeck, B., Triphan, T., Strauss, R.,
et al. (2009). Neurotoxic effects induced by the Drosophila amyloid-β peptide
suggest a conserved toxic function. Neurobiol. Dis. 33, 274–281. doi: 10.1016/j.
nbd.2008.10.014
Chang, K. T., and Min, K. T. (2009). Upregulation of three Drosophila homologs of
human chromosome 21 genes alters synaptic function: implications for down
syndrome. Proc. Natl. Acad. Sci. U S A 106, 17117–17122. doi: 10.1073/pnas.
0904397106
Chang, K. T., Shi, Y. J., and Min, K. T. (2003). The Drosophila homolog of down’s
syndrome critical region 1 gene regulates learning: implications for mental
retardation. Proc. Natl. Acad. Sci. U S A 100, 15794–15799. doi: 10.1073/pnas.
2536696100
Cook, M., Bolkan, B. J., and Kretzschmar, D. (2014). Increased actin
polymerization and stabilization interferes with neuronal function and
survival in the AMPKgamma mutant Loechrig. PLoS One 9:e89847. doi: 10.
1371/journal.pone.0089847
Cook, M., Mani, P., Wentzell, J. S., and Kretzschmar, D. (2012). Increased
RhoA prenylation in the loechrig (loe) mutant leads to progressive
neurodegeneration. PLoS One 7:e44440. doi: 10.1371/journal.pone.
0044440
Copenhaver, P. F., and Taghert, P. H. (1989). Development of the enteric
nervous system in the moth. II. Stereotyped cell migration precedes the
differentiation of embryonic neurons. Dev. Biol. 131, 85–101. doi: 10.
1016/S0012-1606(89)80040-5
Coulson, E. J., Paliga, K., Beyreuther, K., and Masters, C. L. (2000). What
the evolution of the amyloid protein precursor supergene family tells us
about its function. Neurochem. Int. 36, 175–184. doi: 10.1016/s0197-0186(99)
00125-4
Cowan, C. M., Shepherd, D., and Mudher, A. (2010). Insights from Drosophila
models of Alzheimer’s disease. Biochem. Soc. Trans. 38, 988–992. doi: 10.
1042/BST0380988
Deyts, C., Thinakaran, G., and Parent, A. T. (2016). APP receptor? To be or not to
be. Trends Pharmacol. Sci. 37, 390–411. doi: 10.1016/j.tips.2016.01.005
Fuentes, J. J., Genescà, L., Kingsbury, T. J., Cunningham, K. W., Pérez-Riba, M.,
Estivill, X., et al. (2000). DSCR1, overexpressed in down syndrome, is an
inhibitor of calcineurin-mediated signaling pathways. Hum. Mol. Genet. 9,
1681–1690. doi: 10.1093/hmg/9.11.1681
Furukawa, K., Barger, S. W., Blalock, E. M., and Mattson, M. P. (1996). Activation
of K+ channels and suppression of neuronal activity by secreted β-amyloid-
precursor protein. Nature 379, 74–78. doi: 10.1038/379074a0
García-Alonso, L., VanBerkum, M. F., Grenningloh, G., Schuster, C., and
Goodman, C. S. (1995). Fasciclin II controls proneural gene expression in
Drosophila. Proc. Natl. Acad. Sci. U S A 92, 10501–10505. doi: 10.1073/pnas.
92.23.10501
Glenner, G. G., and Wong, C. W. (1984). Alzheimer’s disease: initial report of the
purification and characterization of a novel cerebrovascular amyloid protein.
Biochem. Biophys. Res. Commun. 120, 885–890. doi: 10.1016/s0006-291x(84)
80190-4
Goldgaber, D., Lerman, M. I., McBride, O. W., Saffiotti, U., and Gajdusek,
D. C. (1987). Characterization and chromosomal localization of a cDNA
encoding brain amyloid of Alzheimer’s disease. Science 235, 877–880. doi: 10.
1126/science.3810169
Goodman, Y., and Mattson, M. P. (1994). Secreted forms of β-amyloid
precursor protein protect hippocampal neurons against amyloid β-peptide-
induced oxidative injury. Exp. Neurol. 128, 1–12. doi: 10.1006/exnr.1994.
1107
Gramates, L. S., and Budnik, V. (1999). Assembly and maturation of theDrosophila
larval neuromuscular junction. Int. Rev. Neurobiol. 43, 93–117. doi: 10.
1016/s0074-7742(08)60542-5
Gross, G. G., Lone, G. M., Leung, L. K., Hartenstein, V., and Guo, M.
(2013). X11/Mint genes control polarized localization of axonal membrane
proteins in vivo. J. Neurosci. 33, 8575–8586. doi: 10.1523/JNEUROSCI.5749-
12.2013
Gunawardena, S., and Goldstein, L. S. (2001). Disruption of axonal transport
and neuronal viability by amyloid precursor protein mutations in Drosophila.
Neuron 32, 389–401. doi: 10.1016/s0896-6273(01)00496-2
Gupta, R., and Sen, N. (2016). Traumatic brain injury: a risk factor for
neurodegenerative diseases. Rev. Neurosci. 27, 93–100. doi: 10.1515/revneuro-
2015-0017
Hardin, P. E., and Panda, S. (2013). Circadian timekeeping and output
mechanisms in animals. Curr. Opin. Neurobiol. 23, 724–731. doi: 10.1016/j.
conb.2013.02.018
Hase, M., Yagi, Y., Taru, H., Tomita, S., Sumioka, A., Hori, K., et al. (2002).
Expression and characterization of the Drosophila X11-like/Mint protein
during neural development. J. Neurochem. 81, 1223–1232. doi: 10.1046/j.1471-
4159.2002.00911.x
Heisenberg, M. (2003). Mushroom body memoir: from maps to models. Nat. Rev.
Neurosci. 4, 266–275. doi: 10.1038/nrn1074
Hopkins, P. C. (2013). Neurodegeneration in a Drosophila model for the function
of TMCC2, an amyloid protein precursor-interacting and apolipoprotein
E-binding protein. PLoS One 8:e55810. doi: 10.1371/journal.pone.
0055810
Hopkins, P. C., Sáinz-Fuertes, R., and Lovestone, S. (2011). The impact of a
novel apolipoprotein E and amyloid-beta protein precursor-interacting protein
on the production of amyloid-beta. J. Alzheimers Dis. 26, 239–253. doi: 10.
3233/JAD-2011-102115
Hu, Y., and Fortini, M. E. (2003). Different cofactor activities in gamma-secretase
assembly: evidence for a nicastrin-Aph-1 subcomplex. J. Cell Biol. 161, 685–690.
doi: 10.1083/jcb.200304014
Iijima-Ando, K., and Iijima, K. (2010). Transgenic Drosophila models of
Alzheimer’s disease and tauopathies. Brain Struct. Funct. 214, 245–262. doi: 10.
1007/s00429-009-0234-4
Johnson, R. I., Bao, S., and Cagan, R. L. (2012). Interactions between Drosophila
IgCAM adhesion receptors and cindr, the Cd2ap/Cin85 ortholog. Dev. Dyn.
241, 1933–1943. doi: 10.1002/dvdy.23879
Johnson, A. A., Sarthi, J., Pirooznia, S. K., Reube, W., and Elefant, F. (2013).
Increasing Tip60 HAT levels rescues axonal transport defects and associated
behavioral phenotypes in a Drosophila Alzheimer’s disease model. J. Neurosci.
33, 7535–7547. doi: 10.1523/JNEUROSCI.3739-12.2013
Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M., Masters, C. L., Grzeschik,
K. H., et al. (1987). The precursor of Alzheimer’s disease amyloid A4
protein resembles a cell-surface receptor. Nature 325, 733–736. doi: 10.1038/
325733a0
Kemp, B. E., Mitchelhill, K. I., Stapleton, D., Michell, B. J., Chen, Z. P., and
Witters, L. A. (1999). Dealing with energy demand: the AMP-activated
protein kinase. Trends Biochem. Sci. 24, 22–25. doi: 10.1016/s0968-0004(98)
01340-1
Lai, E. C., and Orgogozo, V. (2004). A hidden program in Drosophila peripheral
neurogenesis revealed: fundamental principles underlying sensory organ
diversity. Dev. Biol. 269, 1–17. doi: 10.1016/j.ydbio.2004.01.032
Leyssen, M., Ayaz, D., Hébert, S. S., Reeve, S., De Strooper, B., and Hassan, B. A.
(2005). Amyloid precursor protein promotes post-developmental neurite
arborization in the Drosophila brain. EMBO J. 24, 2944–2955. doi: 10.1038/sj.
emboj.7600757
Frontiers in Molecular Neuroscience | www.frontiersin.org 7 July 2016 | Volume 9 | Article 61
Cassar and Kretzschmar APP Functions in Drosophila
Li, Y., Liu, T., Peng, Y., Yuan, C., and Guo, A. (2004). Specific functions of
Drosophila amyloid precursor-like protein in the development of nervous
system and nonneural tissues. J. Neurobiol. 61, 343–358. doi: 10.1002/neu.
20048
Lorent, K., Overbergh, L., Moechars, D., De Strooper, B., Van Leuven,
F., and Van den Berghe, H. (1995). Expression in mouse embryos
and in adult mouse brain of three members of the amyloid precursor
protein family, of the alpha-2-macroglobulin receptor/low density lipoprotein
receptor-related protein and of its ligands apolipoprotein E, lipoprotein
lipase, alpha-2-macroglobulin and the 40,000 molecular weight receptor-
associated protein. Neuroscience 65, 1009–1025. doi: 10.1016/0306-4522(94)
00555-j
Luo, L. Q., Martin-Morris, L. E., and White, K. (1990). Identification, secretion
and neural expression of APPL, a Drosophila protein similar to human amyloid
protein precursor. J. Neurosci. 10, 3849–3861.
Luo, L., Tully, T., and White, K. (1992). Human amyloid precursor protein
ameliorates behavioral deficit of flies deleted for Appl gene. Neuron 9, 595–605.
doi: 10.1016/0896-6273(92)90024-8
Lyuksyutova, A. I., Lu, C. C., Milanesio, N., King, L. A., Guo, N.,
Wang, Y., et al. (2003). Anterior-posterior guidance of commissural axons
by Wnt-frizzled signaling. Science 302, 1984–1988. doi: 10.1126/science.
1089610
Martin-Morris, L. E., and White, K. (1990). The Drosophila transcript encoded
by the beta-amyloid protein precursor-like gene is restricted to the nervous
system. Development 110, 185–195.
Masters, C. L., Simms, G., Weinman, N. A., Multhaup, G., McDonald, B. L., and
Beyreuther, K. (1985). Amyloid plaque core protein in Alzheimer disease and
Down syndrome. Proc. Natl. Acad. Sci. U S A 82, 4245–4249. doi: 10.1073/pnas.
82.12.4245
Mattson, M. P., Cheng, B., Culwell, A. R., Esch, F. S., Lieberburg, I., and Rydel, R. E.
(1993). Evidence for excitoprotective and intraneuronal calcium-regulating
roles for secreted forms of the beta-amyloid precursor protein. Neuron 10,
243–254. doi: 10.1016/0896-6273(93)90315-i
Meinertzhagen, I. A., and Hanson, T. E. (1993). ‘‘The development of
the optic lobe,’’ in The Development of Drosophila Melanogaster, ed.
M. B. A. A. Martinez-Arias (New York, NY: Cold Spring Harbor Press),
1363–1491.
Merdes, G., Soba, P., Loewer, A., Bilic, M. V., Beyreuther, K., and Paro, R. (2004).
Interference of human and Drosophila APP and APP-like proteins with PNS
development in Drosophila. EMBO J. 23, 4082–4095. doi: 10.1038/sj.emboj.
7600413
Milosch, N., Tanriöver, G., Kundu, A., Rami, A., Francois, J. C., Baumkotter, F.,
et al. (2014). Holo-APP and G-protein-mediated signaling are required for
sAPPalpha-induced activation of the Akt survival pathway. Cell Death Dis.
5:e1391. doi: 10.1038/cddis.2014.352
Moloney, A., Sattelle, D. B., Lomas, D. A., and Crowther, D. C. (2010). Alzheimer’s
disease: insights fromDrosophila melanogaster models.Trends Biochem. Sci. 35,
228–235. doi: 10.1016/j.tibs.2009.11.004
Mora, N., Almudi, I., Alsina, B., Corominas, M., and Serras, F. (2013). β amyloid
protein precursor-like (Appl) is a Ras1/MAPK-regulated gene required for
axonal targeting in Drosophila photoreceptor neurons. J. Cell Sci. 126, 53–59.
doi: 10.1242/jcs.114785
Nakagawa, K., Kitazume, S., Oka, R., Maruyama, K., Saido, T. C., Sato, Y., et al.
(2006). Sialylation enhances the secretion of neurotoxic amyloid-β peptides. J.
Neurochem. 96, 924–933. doi: 10.1111/j.1471-4159.2005.03595.x
Ng, J. (2012). Wnt/PCP proteins regulate stereotyped axon branch
extension in Drosophila. Development 139, 165–177. doi: 10.1242/dev.
068668
Nikolaev, A., McLaughlin, T., O’Leary, D. D., and Tessier-Lavigne, M. (2009). APP
binds DR6 to trigger axon pruning and neuron death via distinct caspases.
Nature 457, 981–989. doi: 10.1038/nature07767
Pirooznia, S. K., Chiu, K., Chan, M. T., Zimmerman, J. E., and Elefant, F.
(2012). Epigenetic regulation of axonal growth ofDrosophila pacemaker cells by
histone acetyltransferase tip60 controls sleep. Genetics 192, 1327–1345. doi: 10.
1534/genetics.112.144667
Poeck, B., Strauss, R., and Kretzschmar, D. (2012). Analysis of amyloid precursor
protein function in Drosophila melanogaster. Exp. Brain Res. 217, 413–421.
doi: 10.1007/s00221-011-2860-3
Prüßing, K., Voigt, A., and Schulz, J. B. (2013). Drosophila melanogaster as a model
organism for Alzheimer’s disease. Mol. Neurodegener. 8:35. doi: 10.1186/1750-
1326-8-35
Ramaker, J. M., Swanson, T. L., and Copenhaver, P. F. (2013). Amyloid precursor
proteins interact with the heterotrimeric G protein Go in the control of
neuronal migration. J. Neurosci. 33, 10165–10181. doi: 10.1523/jneurosci.1146-
13.2013
Robakis, N. K., Ramakrishna, N., Wolfe, G., and Wisniewski, H. M.
(1987). Molecular cloning and characterization of a cDNA encoding the
cerebrovascular and the neuritic plaque amyloid peptides. Proc. Natl. Acad. Sci.
U S A 84, 4190–4194. doi: 10.1073/pnas.84.12.4190
Rosen, D. R., Martin-Morris, L., Luo, L. Q., and White, K. (1989). A Drosophila
gene encoding a protein resembling the human beta-amyloid protein
precursor. Proc. Natl. Acad. Sci. U S A 86, 2478–2482. doi: 10.1073/pnas.86.
7.2478
Sandbrink, R., Masters, C. L., and Beyreuther, K. (1994a). APP gene
family: unique age-associated changes in splicing of Alzheimer’s βA4-
amyloid protein precursor. Neurobiol. Dis. 1, 13–24. doi: 10.1006/nbdi.
1994.0003
Sandbrink, R., Masters, C. L., and Beyreuther, K. (1994b). β A4-amyloid protein
precursor mRNA isoforms without exon 15 are ubiquitously expressed
in rat tissues including brain, but not in neurons. J. Biol. Chem. 269,
1510–1517.
Shaw, J. L., and Chang, K. T. (2013). Nebula/DSCR1 upregulation delays
neurodegeneration and protects against APP-induced axonal transport defects
by restoring calcineurin and GSK-3β signaling. PLoS Genet. 9:e1003792. doi: 10.
1371/journal.pgen.1003792
Shi, J., Yang, S. H., Stubley, L., Day, A. L., and Simpkins, J. W. (2000).
Hypoperfusion induces overexpression of beta-amyloid precursor protein
mRNA in a focal ischemic rodent model. Brain Res. 853, 1–4. doi: 10.
1016/s0006-8993(99)02113-7
Singh, J., and Mlodzik, M. (2012). Hibris, a Drosophila nephrin homolog, is
required for presenilin-mediated notch and APP-like cleavages. Dev. Cell 23,
82–96. doi: 10.1016/j.devcel.2012.04.021
Soldano, A., Okray, Z., Janovska, P., Tmejova, K., Reynaud, E., Claeys, A., et al.
(2013). The Drosophila homologue of the amyloid precursor protein is a
conserved modulator of Wnt PCP signaling. PLoS Biol. 11:e1001562. doi: 10.
1371/journal.pbio.1001562
Sone, M., Uchida, A., Komatsu, A., Suzuki, E., Ibuki, I., Asada, M., et al. (2009).
Loss of yata, a novel gene regulating the subcellular localization of APPL,
induces deterioration of neural tissues and lifespan shortening. PLoS One
4:e4466. doi: 10.1371/journal.pone.0004466
Stempfle, D., Kanwar, R., Loewer, A., Fortini, M. E., and Merdes, G. (2010). In vivo
reconstitution of gamma-secretase in Drosophila results in substrate specificity.
Mol. Cell. Biol. 30, 3165–3175. doi: 10.1128/MCB.00030-10
Swanson, T. L., Knittel, L. M., Coate, T. M., Farley, S. M., Snyder, M. A., and
Copenhaver, P. F. (2005). The insect homologue of the amyloid precursor
protein interacts with the heterotrimeric G protein go alpha in an identified
population of migratory neurons. Dev. Biol. 288, 160–178. doi: 10.1016/j.ydbio.
2005.09.029
Tanaka, S., Shiojiri, S., Takahashi, Y., Kitaguchi, N., Ito, H., Kameyama, M.,
et al. (1989). Tissue-specific expression of three types of beta-protein precursor
mRNA: enhancement of protease inhibitor-harboring types in Alzheimer’s
disease brain. Biochem. Biophys. Res. Commun. 165, 1406–1414. doi: 10.
1016/0006-291x(89)92760-5
Tang, B. L., and Liou, Y. C. (2007). Novel modulators of amyloid-beta precursor
protein processing. J. Neurochem. 100, 314–323. doi: 10.1111/j.1471-4159.2006.
04215.x
Tanzi, R. E., Gusella, J. F., Watkins, P. C., Bruns, G. A., St George-Hyslop,
P., Van Keuren, M. L., et al. (1987). Amyloid beta protein gene: cDNA,
mRNA distribution, and genetic linkage near the Alzheimer locus. Science 235,
880–884. doi: 10.1126/science.2949367
Torroja, L., Chu, H., Kotovsky, I., and White, K. (1999). Neuronal overexpression
of APPL, the Drosophila homologue of the amyloid precursor protein
(APP), disrupts axonal transport. Curr. Biol. 9, 489–492. doi: 10.1016/s0960-
9822(99)80215-2
Tschäpe, J. A., Hammerschmied, C., Muhlig-Versen, M., Athenstaedt, K.,
Daum, G., and Kretzschmar, D. (2002). The neurodegeneration mutant lochrig
Frontiers in Molecular Neuroscience | www.frontiersin.org 8 July 2016 | Volume 9 | Article 61
Cassar and Kretzschmar APP Functions in Drosophila
interferes with cholesterol homeostasis and Appl processing. EMBO J. 21,
6367–6376. doi: 10.1093/emboj/cdf636
Turner, P. R., O’Connor, K., Tate, W. P., and Abraham, W. C. (2003).
Roles of amyloid precursor protein and its fragments in regulating neural
activity, plasticity and memory. Prog. Neurobiol. 70, 1–32. doi: 10.1016/s0301-
0082(03)00089-3
Ułamek-Kozioł, M., Pluta, R., Bogucka-Kocka, A., Januszewski, S., Kocki, J., and
Czuczwar, S. J. (2016). Brain ischemia with Alzheimer phenotype dysregulates
Alzheimer’s disease-related proteins. Pharmacol. Rep. 68, 582–591. doi: 10.
1016/j.pharep.2016.01.006
von Rotz, R. C., Kohli, B. M., Bosset, J., Meier, M., Suzuki, T., Nitsch, R. M., et al.
(2004). The APP intracellular domain forms nuclear multiprotein complexes
and regulates the transcription of its own precursor. J. Cell Sci. 117, 4435–4448.
doi: 10.1242/jcs.01323
Wentzell, J. S., Bolkan, B. J., Carmine-Simmen, K., Swanson, T. L., Musashe, D. T.,
and Kretzschmar, D. (2012). Amyloid precursor proteins are protective in
Drosophila models of progressive neurodegeneration. Neurobiol. Dis. 46,
78–87. doi: 10.1016/j.nbd.2011.12.047
Wentzell, J., and Kretzschmar, D. (2010). Alzheimer’s disease and tauopathy
studies in flies and worms. Neurobiol. Dis. 40, 21–28. doi: 10.1016/j.nbd.2010.
03.007
Wisniewski, K. E., Wisniewski, H. M., and Wen, G. Y. (1985). Occurrence
of neuropathological changes and dementia of Alzheimer’s disease in
down’s syndrome. Ann. Neurol. 17, 278–282. doi: 10.1002/ana.4101
70310
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Cassar and Kretzschmar. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 9 July 2016 | Volume 9 | Article 61
